Using immunohistochemical methods, we evaluated zeta-associated protein (ZAP)-70 expression in 341 cases of non-Hodgkin and Hodgkin lymphoma. In B-cell NHL, ZAP-70 was positive in five of six (83%) precursor B-lymphoblastic lymphoma, 11 of 37 (30%) chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/ SLL), five of 39 (13%) mantle cell lymphoma, one of 12 (8%) Burkitt lymphoma, and one of 12 (8%) nodal marginal zone B-cell lymphoma. In 22 cases of CLL/SLL, seven of nine (78%) with unmutated IgV H genes expressed ZAP-70, compared with one of 13 (8%) with mutated IgV H genes (P ¼ 0.0015 Fisher's exact test). ZAP-70 expression was not detected in diffuse large B-cell lymphoma (n ¼ 26), extranodal marginal zone B-cell lymphoma of mucosa-associated lymphoid tissue (n ¼ 24), follicular lymphoma (n ¼ 21), plasma cell myeloma/ plasmacytoma (n ¼ 10), lymphoplasmacytic lymphoma (n ¼ 10), or splenic marginal zone lymphoma (n ¼ 6). In T/NK-cell NHL, ZAP-70 was positive in all extranodal natural killer (NK) / T-cell lymphoma, nasal-type (n ¼ 6) and enteropathy-type T-cell lymphoma (n ¼ 4), four of five (80%) subcutaneous panniculitis-like T-cell lymphoma, six of eight (75%) mycosis fungoides, three of five (60%) precursor T-lymphoblastic lymphoma, 10 of 17 (59%) peripheral T-cell lymphoma, two of four (50%) blastic NK-cell lymphoma, one of three (33%) T-cell prolymphocytic leukemia, 13 of 52 (25%) anaplastic large cell lymphoma, and one of six (17%) angioimmunoblastic T-cell lymphoma. Seven of 12 (58%) cutaneous CD30-positive lymphoproliferative disorders were also ZAP-70-positive. In Hodgkin lymphoma, ZAP-70 was negative in neoplastic cells in all cases tested. ZAP-70 staining in B-cell lymphomas and reactive T cells was predominantly nuclear with variable cytoplasmic staining. By contrast, ZAP-70 staining in T/NK-cell lymphomas was heterogeneous, and a shift from predominantly nuclear to predominantly cytoplasmic staining was observed, particularly in those neoplasms with high-grade morphology. In summary, ZAP-70 is expressed by many lymphoma types, correlates with immunoglobulin heavy-chain variable region gene mutational status in CLL/SLL, and can be detected reliably using immunohistochemical methods.
Zeta-associated protein (ZAP)-70, a member of the Syk family of tyrosine kinases, plays an important role in T-cell receptor signaling, natural killer (NK) cell activation and early B-cell development.
1 ZAP-70 is not normally expressed in mature B cells. However, ZAP-70 is expressed in a subset of cases of chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL) with unmutated immunoglobulin heavy-chain variable region (IgV H ) genes and is associated with poor clinical outcome. [2] [3] [4] Few reports have examined ZAP-70 protein expression by immunohistochemical methods in CLL/SLL, and ZAP-70 expression patterns in other types of nonHodgkin and Hodgkin lymphoma has not been defined.
The physiological role of ZAP-70 is best understood in the context of normal T-cell receptor function and immunity. Activation of the T-cell receptor occurs when the receptor is engaged by antigen in the appropriate context, resulting in sequential phosphorylation/activation of a cascade of protein tyrosine kinases. The proximal signaling events involve the Src protein tyrosine kinases that phosphorylate immunoreceptor tyrosine-based activation motifs (ITAMS) on the cytoplasmic domains of CD3 and the zeta chain components of the T-cell receptor. Phosphorylated ITAMS provide docking sites for the Syk protein tyrosine kinases (ZAP-70 and Syk). Subsequent phosphorylation of ZAP-70 triggers downstream signaling events that culminate in transcriptional induction of genes that regulate cell function, proliferation and death. 5, 6 Similar proximal events including phosphorylation of ITAMS on the immunoglobulin a/b dimer by Src protein tyrosine kinases, and subsequent activation of Syk protein tyrosine kinases have been implicated in the B cell receptor signaling pathway. Mature B cells, however, generally lack ZAP-70 and use the related protein tyrosine kinase, Syk. 5 Recent investigations suggest that ZAP-70 is expressed in early B-cell development and plays a role in the transition of pro-B to pre-B-cell lymphocytes. 1 Additional studies demonstrated increased tyrosine phosphorylated proteins and association of ZAP-70 with IgM and CD79b after ligation of the Bcell receptor in ZAP-70-positive CLL/SLL. 4 These studies suggest that the role of ZAP-70 is not restricted to B-cell receptor signaling, and may enhance other signaling mechanisms in a subset of CLL/SLL.
In this study, we used immunohistochemical techniques and routinely fixed, paraffin-embedded tissue to survey ZAP-70 expression in 341 cases of non-Hodgkin and Hodgkin lymphoma. In addition, we sequenced the IgV H gene in 22 of the CLL/SLL cases to determine if ZAP-70 expression, detected by immunohistochemical methods, predicts IgV H gene mutational status.
Materials and methods

Case Selection
The study group included a total of 325 cases of nonHodgkin lymphoma and 16 cases of Hodgkin lymphoma accessioned between 1985 and 2003 at The University of Texas MD Anderson Cancer Center. Each case was classified according to the World Health Organization classification of lymphoid neoplasms. 7 The diagnoses for all cases were established on the basis of morphology and appropriate immunophenotypic and/or molecular data.
We evaluated whole-tissue sections or tissue microarraays. The latter included duplicate, triplicate or quadruplet tumor cores from 50 cases of anaplastic large-cell lymphoma and 30 cases of mantle cell lymphoma. A manual tissue arrayer (Beecher Instruments, Silver Springs, MD, USA) was used to construct the tissue microarrays as described previously. 8 
Immunohistochemistry
Immunohistochemical studies were performed using routinely fixed and processed, paraffinembedded sections of whole-tissue or tissue microarrays and heat-induced epitope retrieval as described previously. 9 The ZAP-70 monoclonal antibody (Upstate Cell Signaling Systems, Lake Placid, NY, USA) was incubated at 41C for 5-7 h. Detection of primary antibody was achieved using the LSAB þ kit (DAKO, Carpinteria, CA, USA), which contains secondary biotinylated antibody and streptavidin/horseradish peroxidase complex, according to the manufacturer's recommendations. The chromogen was 3,3 0 -diaminobenzidine/H 2 O 2 (DAKO) and slides were counterstained with hematoxylin.
Scoring of Positive Cells
Tissues were scored in evenly labeled areas. All cases were scored independently by at least two of the authors. Nuclear staining of non-neoplastic, reactive T cells served as an internal control in each case. Neoplasms demonstrating nuclear staining in greater than 20% of tumor cells, regardless of intensity or the degree of concurrent cytoplasmic staining were considered positive.
Determination of IgV H Mutational Status
The methods used to detect IgV H somatic hypermutation in 22 CLL/SLL cases have been previously described. 10 Briefly, mononuclear cells were isolated from whole blood by centrifugation over a Ficoll gradient. CD19-positive cells were isolated using anti-CD19-conjugated immunomagnetic beads (Mitenyi Biotec, Auburn, CA, USA). The purity of the isolate, evaluated by flow cytometry, was determined to be 95-98% CD19 þ cells. Total RNA was extracted from the isolate and the RNA quality was assessed by agarose gel electrophoresis. Total RNA was reverse transcribed using oligo-d(T) primer and the First-Strand cDNA Synthesis kit (Amersham Parmacia Biotech). The cDNA was amplified using a mixture of six 5 0 V H leader primers which amplify all V H families, together with a 3 0 constant region primer (Cu). In cases that failed to amplify, a mixture of V H framework 1 primers (V BASE database; http:// www.mrc-cpe.cam.ac.uk/PRIMERS.php?menu+901) was used and two independent PCR amplification reactions were performed for each sample. Amplified products were separated by agarose gel electrophoresis and products were sequenced. The degree of somatic hypermutation was determined by aligning the sequence of the products with germline sequences listed in the V BASE database (http:// www.mrc-cpe.cam.ac.uk/ALIGNMENTS.php?menu ¼ 901) using the DNA plot program available on the internet (http://www.mrc-cpe.cam.ac.uk/DNAPLOT. php?menu ¼ 901).
The IgV H gene mutation status of each case of CLL/SLL was designated as unmutated if there were 2% or fewer mutations compared with the germline V H gene sequence. 11 Cases with greater than 2% variation from the V H germline sequence were designated as mutated.
Cell Lines
Nine lymphoma cell lines were evaluated for ZAP-70 expression by Western blot analysis. The five non-Hodgkin lymphoma cell lines included two derived from anaplastic large-cell lymphoma, Karpas 299 (a gift from Dr M Kadin, Boston, MA, USA) and SU-DHL-1 (from DSMZ, Braunschweig, Germany); Jurkat cell lysate (acute lymphoblastic leukemia) provided by the ZAP-70 manufacturer; a mantle cell lymphoma, Mino, 12 and a diffuse large B-cell lymphoma, SKI-DLBCL-1. 13 The four Hodgkin lymphoma cell lines used were HD-MyZ, 14 HD-LM2, 15 L-428, 16 and KM-H2 (DSMZ). 17 Cell lines were maintained in RPMI 1640 medium supplemented with 1% nonessential amino acids, 10% fetal calf serum (Life Technologies Inc.), and 1% streptomycin-penicillin. Cell cultures were incubated at 371C in a humidified atmosphere containing 5% CO 2 .
Protein Extraction and Western Blot Analysis
Cell lines in log-phase growth were collected, washed twice in cold phosphate-buffered saline (PBS) and lysed at 41C in lysis buffer composed of 25 mM HEPES, pH 7.7, 400 mM NaCl, 0.5% Triton X-100, 1.5 mM MgCl 2 , 2 mM EDTA, 2 mM DTT, 0.1 mM PMSF, the protease inhibitors leupeptin 10 mg/ml, peptstatin 2 mg/ml, antipain 50 mg/ml, aprotinin 2 mg/ml, chymostatin 20 mg/ml, and benzamidine 2 mg/ml, and the phosphatase inhibitors 2 mM NaF, 1 mM Na 3 VO 4 , and 20 mM b-glycerophosphate. Aliquots of cell lysates (70 mg protein) were resolved in 10% SDS-PAGE, transferred to nitrocellulose polyvinylidene difluoride (PVDF) membranes and probed with monoclonal ZAP-70 antibody (Upstate Cell Signaling Systems, Lake Placid, NY, USA). Reactions were visualized with secondary antibody conjugated with horseradish peroxidase (BioRad, Hercules, CA, USA) using enhanced chemiluminescence reagents (Amersham Pharmacia, Piscataway, NJ, USA). Polyclonal b-actin antibodies (Sigma, St Louis, MO, USA) served as an internal positive control for all cell lines.
Results
Sequence Analysis of the IgV H Genes
Direct sequence analysis of the PCR products in 22 CLL/SLL cases demonstrated that nine had unmutated IgV H genes and the remaining 13 cases had mutated IgV H genes ( Table 2) . VH family usage in these neoplasms is listed in Table 2 . The majority of CLL/SLLs used the VH3 (13 of 22) or VH4 (four of 22) families. Two of nine (22%) unmutated cases used VH3-21, while no cases of mutated IgV H CLL/ SLL used VH3-21.
Western Blot Analysis
The specificity of the ZAP-70 antibody was confirmed by detection of a 70 kDa protein in several cell lines (Figure 2 
ZAP-70 in Benign Lymphoid Tissues
In benign lymph nodes, nuclear ZAP-70 staining was seen in paracortical T lymphocytes and rare, scattered, small lymphocytes in the mantle zones and follicle centers. Histiocytes demonstrate coarse, granular cytoplasmic staining with ZAP-70. This staining may not be specific and was not considered positive in this study.
ZAP-70 in B-Cell Non-Hodgkin Lymphomas
ZAP-70 expression in non-Hodgkin lymphomas is summarized in Table 1 . ZAP-70 was detected in 23 of 203 (11%) of B-cell neoplasms, including 11 of 37 (30%) CLL/SLL, five of six (83%) precursor B-lymphoblastic leukemia/lymphoma, five of 39 (13%) mantle cell lymphoma, one of 12 (8%) Burkitt lymphoma, and one of 12 (8%) nodal marginal zone B-cell lymphoma.
ZAP-70 expression compared with IgV H mutational status in CLL/SLL is summarized in Table 2 . ZAP-70 was detected in eight of 22 cases, including seven of nine (78%) with unmutated IgV H genes and one of 13 (8%) with mutated IgV H genes (P ¼ 0.0015; Fisher's exact test). In all, 14 of the cases with known mutational status were evaluated for ZAP-70 in both bone marrow biopsy sections and clot sections. Generally, more intense nuclear staining was observed in the clot sections compared with the corresponding bone marrow biopsy sections, although the biopsy specimen was sufficient in 12 of 14 cases. Two cases had equivocal staining of tumor cells in the bone marrow biopsy specimens that were resolved by examination the corresponding clot sections. One case of interfollicular CLL/ SLL, which demonstrated no ZAP-70 expression in tumor cells, showed intense expression in T cells within follicles undergoing regression. Intensely staining T cells in regressing follicles, compared to interfollicular T cells, were also observed in other cases of non-Hodgkin and Hodgkin lymphoma.
ZAP-70 expression was detected in five of six (83%) precursor B-lymphoblastic leukemia/lymphoma. Positive cases showed uniform, predominantly nuclear staining. ZAP-70 expression was detected in five of 39 (13%) cases of mantle cell lymphoma. Unlike the predominantly nuclear and variable cytoplasmic staining of tumor cells seen in other ZAP-70-positive B-cell lymphomas, ZAP-70-positive mantle cell lymphomas generally had weak, variable nuclear staining (Figure 1e) . However, one case of blastoid mantle cell lymphoma showed strong, uniform nuclear staining similar to that detected in ZAP-70-positive CLL/SLL. Strong, uniform, predominantly nuclear ZAP-70 staining was also detected in one of five cases of Burkitt lymphoma and in one of 12 cases of nodal marginal zone B-cell lymphoma (Figure 1d) . ZAP-70 expression was not detected in the remaining B-cell neoplasms assessed including diffuse large B-cell lymphoma (n ¼ 26), follicular lymphoma (n ¼ 21), extranodal marginal zone lymphoma (n ¼ 12), lymphoplasmacytic lymphoma/ Waldenström macroglobulinemia (n ¼ 10), plasma cell myeloma/plasmacytoma (n ¼ 10) or splenic marginal zone lymphoma (n ¼ 6). The diffuse large B-cell lymphoma group included two cases of Richter's transformation in patients with a confirmed history of CLL/SLL. 
ZAP-70 in T/NK-Cell Non-Hodgkin Lymphomas
ZAP-70 expression was detected in 49 of 112 (44%) T-cell lymphomas including all cases of enteropathy type T-cell lymphoma (n ¼ 4), four of five (80%) subcutaneous panniculitis-like T-cell lymphoma, six of eight (75%) mycosis fungoides, three of five (60%) precursor T-lymphoblastic leukemia/lymphoma, 10 of 17 (59%) peripheral T-cell lymphoma, unspecified, one of three (33%) T-cell prolymphocytic leukemia, 13 of 52 (25%) anaplastic large cell lymphoma, and one of six (17%) angioimmunoblastic T-cell lymphoma. We also assessed 12 cutaneous CD30-positive lymphoproliferative disorders including seven cases of cutaneous anaplastic large cell lymphoma and five cases of lymphomatoid papulosis. ZAP-70 was positive in four (57%) and three (60%) cases, respectively. In anaplastic large cell lymphoma, ZAP-70 was more often positive in the ALK-negative (11/27; 41%) neoplasms compared with ALK-positive (2/25; 8%) neoplasms (P ¼ 0.012; Fisher's exact test). Unlike the expression patterns we observed in most B-cell neoplasms and within reactive T cells, ZAP-70 staining in T/NK-cell neoplasms was heterogeneous and a shift from predominantly nuclear to predominantly cytoplasmic staining was observed, particularly in those neoplasms with high grade morphology (Figure 1g, h) .
We also assessed ZAP-70 in a small number of neoplasms presumed to be of NK-cell origin. Strong, uniform cytoplasmic and nuclear staining for ZAP-70 was seen in all six cases of NK/T-cell lymphoma, nasal-type (Figure 1f ) and in two of four blastic NKcell lymphoma. The latter group of tumors, however, may originate from type 2 dendritic (DC2) cells, also known as plasmacytoid monocytes. 18 
ZAP-70 in Hodgkin Lymphomas
None of the neoplastic cells in the cases of classical Hodgkin or nodular lymphocyte predominant Hodgkin lymphoma were positive for ZAP-70. Bright nuclear and cytoplasmic staining was observed in T cells surrounding the neoplastic cells in nodular lymphocyte predominant Hodgkin lymphoma (Figure 1i ). Increased numbers of bright ZAP-70-positive T cells were also seen within nodules in nodular lymphocyte predominant Hodgkin lymphoma, similar to staining patterns described for CD57 in this disease. Our studies suggest primitive signaling pathways that utilize ZAP-70 may be maintained when B cells are transformed at early stages of development.
We also detected ZAP-70 expression in approximately 30% of CLL/SLL cases. Our studies support a good correlation between ZAP-70 expression and unmutated IgH variable genes in CLL/SLL and demonstrate detection by immunohistochemical methods on routinely fixed, paraffin-embedded tissue sections is a specific (92%) and relatively sensitive (78%) marker of unmutated IgH variable genes. In recent studies, increased ZAP-70 mRNA has been demonstrated in a subset of CLL/SLL cases lacking somatic hypermutation in their IgV genes. [2] [3] [4] Somatic hypermutation of the Ig genes is a diversification mechanism activated in B cells at the germinal center stage of differentiation. 20 Since somatic hypermutation is a hallmark of B cells which have passed through the germinal center, some investigators have postulated that CLL/SLL associated with unmutated IgV genes is derived from naïve, pre germinal B cells and that CLL/SLL with mutated IgV genes is derived from post germinal B cells. 11, [21] [22] [23] Since patients with unmutated IgV genes are reported to have a significantly worse prognosis, 11 reliable and easier methods to differentiate these groups at early stages of disease would be clinically valuable. ZAP-70 assessment in routinely processed tissue, in our experience, is a convenient alternative to sequencing.
Mantle cell lymphoma is also considered to be primarily derived from pre-germinal center B cells with absent or low levels of somatic hypermutation. 24, 25 In our studies, however, ZAP-70 was detected in only 13% mantle cell lymphoma cases. We also detected low level ZAP-70 protein expression in Mino, a mantle cell lymphoma cell line. If ZAP-70 expression in CLL/SLL is a consequence of transformation of a naïve B cell, we would have anticipated that other B-cell neoplasms of proposed pre-germinal center cell origin, such as mantle cell lymphoma, would express ZAP-70. In abstract form, one group has detected ZAP-70 in 40% of mantle cell lymphoma. 26 However, other groups, also in abstract form, report results similar to our own. 27, 28 The reasons for the discrepancy between the preliminary results of Bano et al. 26 compared with others are unknown. We would also not have anticipated ZAP-70 expression in one case of nodal marginal zone B-cell lymphoma and in one case of Burkitt lymphoma, as these neoplasms are believed to be of post germinal center cell origin, with somatic hypermutation IgV gene occurring in nearly all cases. [29] [30] [31] [32] On the other hand, the majority of Bcell non-Hodgkin lymphomas of proposed postgerminal center cell origin were negative for ZAP-70.
Alternatively, it has been suggested that ZAP-70 expression and absence of somatic hypermutation are a consequence of aberrant T-cell-independent Bcell receptor signaling mechanisms. The lack of ZAP-70 expression in the majority of mantle cell lymphomas and lack of ZAP-70 in two of our unmutated IgV H CLL/SLL cases, however, suggest that ZAP-70 is not a necessary effector in T-cellindependent B-cell receptor signaling, nor is it necessary to block somatic hypermutation.
The majority of low-grade T-cell neoplasms expressed ZAP-70 and showed strong nuclear and In nodular lymphocyte predominant Hodgkin lymphoma, intensely ZAP-70-positive T lymphocytes were numerous in tumor nodules, and often surrounded neoplastic cells (satelliting) analogous to CD57-positive T cells. 19 Similar intensely staining T lymphocytes were occasionally observed in regressing follicles. These findings are consistent with an activated T-cell phenotype which would likely include increased ZAP-70 expression because of its crucial role in T-cell receptor signaling growth pathways.
In summary, we assessed a variety of non-Hodgkin and Hodgkin lymphomas for ZAP-70 expression. In B-cell lymphomas, ZAP-70 was commonly expressed in precursor B-lymphoblastic leukemia/ lymphoma and in CLL/SLL, and rarely in mantle cell lymphoma, Burkitt lymphoma, and nodal marginal zone B-cell lymphoma. We found a good correlation between ZAP-70 positivity and IgV H mutation status in CLL/SLL. In T-cell lymphomas, most neoplasms composed of smaller cells demonstrated ZAP-70 expression. By contrast, ZAP-70 was expressed only in a minority of large cell T-cell lymphomas, such as anaplastic large-cell lymphoma, and correlated with ALK-negativity in this group. In NK-cell neoplasms, ZAP-70 expression was common and intensely positive in extranodal NK/T-cell lymphoma of nasal-type.
